Abstract-The internalized speciation of lead in roots and leaves of Sesbania drummondii, a lead hyperaccumulator, grown in lead nitrate solution was studied using x-ray absorption near-edge structure and extended x-ray absorption fine structure. Lead was predominantly present as lead acetate in both plant tissues. The other dominant forms of accumulation were lead-sulfur compounds. Whereas lead sulfate and sulfide were found in leaves, only lead sulfide was detected in root samples. These observations indicate that S. drummondii is able to biotransform lead nitrate in the nutrient solution to lead acetate and sulfate in its tissues. Complexation with acetate and sulfate may be a lead detoxification strategy in this plant. Transmission-electron microscopy revealed the pattern of lead distribution in and around the cells. Dense distributions of lead grains were detected in root cell walls and plasma membranes, whereas evidence for vacuolar transport of lead was noticed in the stem cells.
INTRODUCTION
Rattlebox Drummond (Sesbania drummondii [Rydb] ), a native fabaceous shrub of the United States, accumulates high amounts of lead in its root and shoot tissues without demonstrating lead toxicity. Shoot lead concentrations of greater than 4% were obtained from Sesbania plants grown in nutrient solution containing 1 g of lead nitrate, and scanning-electron microscopic examination of the exposed plants demonstrated the transport of lead from root to shoot [1] . Heavy metal accumulation by plants is utilized in various phytoremediation strategies for decontamination of the environment [2] [3] [4] [5] . One of the key goals in phytoextraction is to select plants that can translocate substantial amounts of toxic metals from their roots to their aerial parts, which can be easily harvested. This would facilitate the process of site decontamination from lead and other pollutants in a cost-effective and ecologically sound manner.
For a plant species to be efficient in lead phytoextraction, it should accumulate a metal concentration greater than 1% of the shoot dry weight. It should also produce abundant shoot biomass [2] . From this standpoint, plant species such as Indian mustard, pea, corn, and wheat have been the focus of lead phytoremediation research. These species accumulate high amounts of lead when grown in contaminated soils, but the specific mechanisms are not well understood [3] [4] [5] .
Plants that hyperaccumulate metals must have ways to protect themselves from toxicity. Production of phytochelatins, a family of metal-binding peptides, and their homologues have been advocated as one of the constitutive mechanisms for coping with elevated metal concentrations in some plants [6, 7] . Few reports, however, have appeared regarding production of such thiol-containing peptides in response to lead toxicity in plants, particularly those belonging to higher plants [8] . Reports also suggest that plants exposed to toxic metals may * To whom correspondence may be addressed (shiv.sahi@wku.edu).
produce ligands for metal detoxification or transport (or both) [9] . A number of metal-binding ligands have now been recognized in plants, and the roles of different ligands have been reviewed [10] .
Thus, the objective of the present study was to investigate lead in the tissues of Sesbania seedlings grown in a nutrient solution enriched with lead using x-ray absorption spectroscopic (XAS) techniques such as x-ray absorption near-edge structure (XANES) and extended x-ray absorption fine structure (EXAFS). The first, XANES, determines the oxidation state of a bound metal, whereas EXAFS traces the ligand geometry involved in metal binding by measuring the distance from the x-ray-absorbing atom to the next nearest. The pattern of lead deposition in Sesbania cells was also studied using transmission-electron microscopy and energy-dispersive x-ray spectroscopy. Understanding the nature of lead accumulation in Sesbania can be helpful in further manipulation of this system for the purpose of phytoextraction.
MATERIALS AND METHODS

Plant germination and lead treatment
Seeds of S. drummondii were germinated as described by Sahi et al. [1] . Seedlings were allowed to grow for two weeks under a 16:8-h light:dark photoperiod. Subsequently, 15 twoweek-old seedlings were aseptically transferred to cups containing modified Hoagland's medium (115 mg/L of ammonium nitrate, 2.86 mg/L of boric acid, 656 mg/L of calcium nitrate, 0.08 mg/L of cupric sulfate, 5.32 mg/L of ferric tartrate, 240.7 mg/L of magnesium chloride, 1.81 mg/L of manganese chloride, 0.016 mg/L of molybdenum trioxide, 300 mg/L of potassium nitrate, and 0.22 mg/L of zinc sulfate) at pH 5.8 [1] . The nutrient medium was enriched with 500 mg/L of Pb(NO 3 ) 2 (Sigma Chemical, Kansas City, MO, USA) before sterilization. Plants were grown in a plant-growth chamber under a 16:8-h light:dark photoperiod for 7 d before they were harvested.
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XAS sample preparation
Lead-treated plants were separated into samples of roots and samples of leaves. Following this, samples were lyophilized to remove any free water. The lyophilization was performed using a Labconco freeze-dry system (Freezone 4.5; Labconco Corporation, Kansas City, MO, USA). The lyophilized samples were ground using a mortar and pestle until a homogenous composition was attained. The samples were then packed into 1-mm sample plates for analysis at Stanford Synchrotron Radiation Laboratory (Stanford University, Stanford, CA, USA).
XAS data collection
The XAS spectra of all samples were collected on beam line 7-3 at Stanford Synchrotron Radiation Laboratory using a liquid helium cryostat. The cryostat was used to reduce the Debye-Waller oscillations that are observed for many biological samples. The sample spectra were collected using a 30-element germanium fluorescence detector. However, the model compound spectra were collected using the transmission detector (or argon-filled ionization chambers). For all samples and model compounds, two to three spectra were averaged. The model compounds were diluted using boron nitride to give a change of one absorbance unit across the absorption edge. All spectra were recorded on the lead L III absorption edged at energy 13.035 keV with a lead foil as an internal standard. The operating conditions of the beam line were as follows: energy, 3.0 GeV; current, 100 mA; silicon 220 monochromator (⌽ 90). The plant sample showing the best spectral features was chosen for representation in the figures.
XAS data analysis
The spectra of both the model compounds and the leadtreated plant samples were analyzed using the WinXAS software (Thorsten Ressler, Hamburg, Germany). The XANES and the EXAFS spectra were extracted from each spectrum and then analyzed. The spectra were first calibrated to the edge position (E 0 ) of the internal lead foil energy of 13.035 keV. The spectra were then background-subtracted using a twopolynomial fitting of the first degree on the pre-edge region and a fifth-degree polynomial on the postedge region (or the EXAFS region). The XANES spectra were then extracted from the spectra by cutting the XAS spectrum to 13.20 keV. The XANES spectra were then fitted to the XANES spectra of model compounds by performing a linear-combination XA-NES (LC-XANES) fitting. This process involved performing 5,000 iterations of the model compound spectra to find the best-fitting of the sample spectra. This fitting gives an indication of the atomic geometry and the oxidation state of the lead in the samples.
Next, the EXAFS spectra were extracted and fitted using FEFF Version 8.10 (The FEFF Project, University of Washington, Seattle, WA, USA). Normalizing the XAS spectra collected and setting the E 0 of the sample using first-and seconddegree derivatives of the sample edge, EXAFS was extracted. The EXAFS spectra were then converted into k space (or wavevector space). A spline of the EXAFS spectra was taken, and the spectra were k weighted to 3. The EXAFS spectra were then Fourier transformed between 2 and 12.2 Å . The Fouriertransformed sample and model compound spectra were then fitted using the FEFF code, an abnito-calculating code. The FEFF input files were created using the ATOMS software (Version 2.5, Naval Research Laboratory, Washington, DC, USA) and crystallographic data from the literature. The interatomic distances, number of coordinating atoms, and 2 (i.e., goodness of fit) values were recorded.
Transmission-electron microscopy
After thorough rinsing of treated plants, root and stem pieces were cut at room temperature in 2% glutaraldehyde in 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (pH 6.8). These pieces were briefly placed in vacuum to aid infiltration of the fixative into the tissues and incubated in the fixative for 2 h at room temperature. Because root and stem tissues were easily amenable to fixation, they were examined in the present study. The samples were then washed in 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) buffer and postfixed in 2% osmium tetraoxide in water for 2 h at room temperature. After washing in water, the samples were dehydrated through an ethanol series and embedded in Spurr's resin (EMS, Hatfield, PA, USA). Thin sections (60-80 nm thickness) were prepared by a RMC MT-X ultramicrotome (Boeckeler Instruments, Tucson, AZ, USA) collected on copper-support grids and observed with a 120 CX transmission-electron microscope (JEOL, Peabody, MA, USA) at 80 kV. Element analysis was carried out at 40 kV using an energy-dispersive X-ray spectrometer (IXRF Systems, Houston, TX, USA). Several treated-plant samples were examined, and the sample showing the best image was chosen for the photographic representation.
RESULTS AND DISCUSSION
XAS features
The fingerprint approach for lead is particularly adapted to the lead L III -edge spectra, because this metal exhibits a large variety of local environments with significant variations in frequency and amplitude between the reference spectra [11, 12] . Figure 1 shows lead L III -edge XANES spectra of Sesbania samples (root and leaf) compared to the model compounds. The fittings of the XANES were performed using LC-XANES analysis and are presented in Table 1 . Table 1 reveals that the lead-laden root sample primarily consisted of a lead (II) acetate type of structure; approximately 60% of the XA-NES spectra was defined by the lead (II) acetate structure. A very good spectral agreement was obtained with lead acetate for the plant samples grown in Pb(NO 3 ) 2 . The remaining part of the lead bound to the roots was comprised mainly of lead (II) nitrate, lead (II) sulfide, and lead metal (10%, 20%, and 9%, respectively). This indicates that Sesbania physiologically transforms the starting material, lead (II) nitrate, into an organic-type lead compound, lead acetate. The leaf sample demonstrated an even more changed composition, consisting predominantly of lead acetate (52%), lead sulfate (26%), and lead sulfide (14%). The low percentage of lead nitrate found in the LC-XANES fitting data again points to the fact that this plant has the ability to transform lead (II) nitrate into an organictype structure, possibly for storage of the lead into or onto cellular material. Obviously, speciation of lead into lead acetate does not occur in the starting solution [8] . Figure 2 depicts the EXAFS, and Tables 2 and 3 ilar to those of lead (II) acetate. The root sample portrays spectra comparable to those of the lead (II) acetate-type structure, but the presence of secondary complex complicates the interpretation. The FEFF fittings also indicate a 10-coordinate system for the root samples, and the root sample has a mixture of different compounds, including lead particles (possibly lead nanoparticles), which makes the EXAFS difficult to interpret. At the same time, the leaf sample shows an octahedral coordination, making the interpretation easy. The XANES fittings of leaf sample are simple in composition, showing an absence of lead particles. Both samples are complex, but they contain compounds of similar structure and composition, as indicated by the XANES structure. The presence of lead acetate in large proportions (ϳ60%) in both Sesbania samples, as depicted in XANES, suggests the transport of lead via a lead-organic acid complex. Metalorganic acid complexation has been reported as a phase of metal transport in a variety of plants [9, 13, 14] . Metabolically produced organic compounds are amphiphilic, and trace metals may be bound to functional groups associated with the hydrophobic ''backbone'' of the organic macromolecules [15] . In Phaseolus vulgaris, formation of various lead complexes, Chemical speciation and deposition of lead in Sesbania Environ. Toxicol. Chem. 23, 2004 2071 including lead salicylate, was reported when plants were grown in medium containing lead and ethylenediaminetetraacetic acid. Cerussite (i.e., lead carbonate) was found as the predominant lead species in leaves when Phaseolus plants were grown in solution containing Pb(NO 3 ) 2 alone. In Agrostis capillaris, a heavy metal-tolerant grass, extracellular grains in the outer layer of root cells were predominantly the lead phosphate mineral, pyromorphite [16] . To our knowledge, the evidence of sulfur ligands in Sesbania, as found in the present study, is previously unreported, and this may be a unique aspect of lead speciation in this plant. Sulfur was present in both samples, but the proportion in the leaf was double that in the root. The nature of the sulfur complex also varied: Leaves had PbSO 4 as well as lead-sulfur, whereas roots had only lead-sulfur. These ligand properties are indicative of glutathione (␥-GluCys-Gly) and phytochelatins, which are small, metal-binding polypeptides with the amino acid sequence (␥-Glu-Cys)n-Gly, where n ϭ 2 to 14. Phytochelatins (PC n ) play an important role in heavy metal homeostasis and detoxification [17] , and their induction has been reported as an effective strategy against cadmium toxicity [10, 18] . A recent study suggested that PC n might also be involved in arsenic detoxification [19] . Induction of PC n in response to lead toxicity in plants has not been well documented [8] , but Pawlik-Skowronska [20] reported synthesis of these thiol peptides in a ubiquitous microalga, Stichococcus bacillaris. That study showed a positive correlation between the induced thiol peptides and lead toxicity in S. bacillaris.
Studies also reveal a difference between the storage and transport forms of the metals and metalloids. They are stored in the plant root complexed to ligands for which they have a high preference, such as cadmium and arsenic with sulfur [18, 19, 21] and zinc and nickel with oxygen and nitrogen [22, 23] . In contrast, zinc, nickel, and cadmium are transported from roots to shoots and coordinated to oxygen atoms, as hydrated cations and oxyanion or bound to an organic acid [9] . The XAS findings obtained in the present study (on Sesbania drummondii) are in agreement with these other reports. Lead in Sesbania might be bound to acetate for transport to the aerial parts. At the same time, sulfur ligands, similar to PC structures, might be involved in cytoplasmic lead sequestration and detoxification.
Our understanding about the mode of action of PC n has been furthered by the work of Gong et al. [24] . The earlier view was that PC n coordinate with heavy metals intracellularly and that PC n -metal complexes are then translocated across the tonoplast and sequestered in vacuoles, thus decreasing the heavy metal content in the cytosol of plant cells [6, 7, 9] . Gong et al. [24] , by developing a targeted expression system for phytochelatin synthases, demonstrated that PC n can be transported from roots to shoots and that they play an essential role in long-distance, root-to-shoot transport of cadmium in Arabidopsis. We also speculate that this thiol-containing compound has a role in lead transport or sequestration (or both) in Sesbania.
Electron-microscopic observations
Transmission-electron microscopy and energy-dispersive xray spectroscopy were used to map out the distribution pattern of lead in Sesbania root and stem cells. Figure 3A illustrates heavy deposition of lead granules on the root cell wall. The entire cell wall surface surrounding an intercellular space between the three vacuolated cells appears to be coated with lead grains and clumps. Cells depicted in Figure 3A can be seen having a continuous lining of irregularly shaped lead particles in their plasma membranes, including some lead specks within an organelle in one of the cells. Uniform distribution of relatively large lead grains was also found in the intercellular space and regions of the middle lamella (Fig. 3B) . Evidence of smaller lead grains can be seen in the cytoplasm of one of the cells depicted (Fig. 3B) . The pattern of lead deposition in Sesbania roots can be compared with that in another leguminous tree, Chamaecytisus palmensis [25] , and in Pinus [26] in respect of the cell wall deposition, but cytoplasmic distribution of lead granules is unique to this plant. However, the concept that the bulk of unchelated lead taken up by plants remains in the root is well documented [2] [3] [4] 27] and appears to apply in this case as well.
Ultrathin section of Sesbania stem revealed the presence of numerous lead particles distributed on the organellar membrane (possibly tonoplast of the vacuole) besides lead deposition in the cytoplasm (between tonoplast and the plasma membrane) (Fig. 3C) . One of the interesting features portrayed by Sesbania stem ultrastructure is the presence of lead-laden, vesicle-like structure in the plasma membrane (Fig. 3C) . A concentric ring of fine lead granules can be seen in its lumen. The presence of lead particles in the vesicle (and also at other sites) was confirmed by energy-dispersive x-ray spectroscopy (Fig. 3D) . This refers to the occurrence of a cytosis event, probably dictyosome-mediated exocytosis as speculated by Jarvis and Leung [26] . Metal compartmentalization and se- questration in subcellular organelles has also been advocated as one of the possible mechanisms used by hyperaccumulators for a detoxification strategy [28] . Vacuolar compartmentalization has been shown for nickel and zinc in Thalspi goesingense [23] and T. caerulescense [29] , respectively, but few examples are available with which to compare the vacuolar deposition of lead in Sesbania. However, organelle lead deposition has been reported currently in Chamaecytisus, in which unchelated lead was found in root nodule mitochondria and chelated lead in mitochondria (in roots) and chloroplasts (in shoots) [25] . On the basis of XAS spectral features and electron-microscopic observations, it appears that S. drummondii uses more than one mechanism for sequestration and detoxification of lead-like heavy metals. However, further investigation is needed to confirm the occurrence of phytochelatins complexation and vacuolar transport of lead, as indicated in the present study.
